The modeling of the shape of H 2 O lines perturbed by N 2 (and air) using the Keilson-Storer (KS) kernel for collision-induced velocity changes is revisited with classical molecular dynamics simulations (CMDS). The latter have been performed for a large number of molecules starting from intermolecular-potential surfaces. Contrary to the assumption made in a previous study [H. Tran, D. Bermejo, J.-L. Domenech, P. Joubert, R. R. Gamache, and J.-M. Hartmann, J. Quant. Spectrosc. Radiat. Transf. 108, 126 (2007)], the results of these CMDS show that the velocity-orientation and -modulus changes statistically occur at the same time scale. This validates the use of a single memory parameter in the Keilson-Storer kernel to describe both the velocity-orientation and -modulus changes. The CMDS results also show that velocity-and rotational state-changing collisions are statistically partially correlated. A partially correlated speed-dependent Keilson-Storer model has thus been used to describe the line-shape. For this, the velocity changes KS kernel parameters have been directly determined from CMDS, while the speed-dependent broadening and shifting coefficients have been calculated with a semi-classical approach. Comparisons between calculated spectra and measurements of several lines of H 2 O broadened by N 2 (and air) in the ν 3 and 2ν 1 + ν 2 + ν 3 bands for a wide range of pressure show very satisfactory agreement. The evolution of non-Voigt effects from Doppler to collisional regimes is also presented and discussed.
I. INTRODUCTION
It is now well established that classical molecular dynamics simulations (CMDS) can be a useful tool to study the line-shape. [1] [2] [3] [4] [5] Starting from a pair-wise intermolecular potential, they provide the time evolutions of the center-of-mass position and velocity as well as the molecular orientation and angular momentum of a large number of molecules. 6 From these, one can directly derive the collision kernels 3, 4 or the parameters of analytical models for these kernels. 1, 2, 5, 7 In Refs. 1 and 2 for example, the authors deduced from CMDS that, for the H 2 /Ar system, velocity changes play an important role in the non-Voigt signatures of the line-shape. Furthermore, CMDS showed that, for H 2 in a bath of heavy collision partners, velocity-orientation and speed changing collisions are completely uncorrelated, contrary to the pure H 2 or H 2 /He systems where they are totally correlated. These CMDS results have enabled accurate and physically based modeling of the collision-induced velocity changes and of their influence on the line-shape, thus avoiding the use of phenomenological models. In our previous study, 5 the shape of pure water vapor lines were studied using CMDS. The collision kernels were modeled by the Keilson-Storer (KS) 8 a) Author to whom correspondence should be addressed. Electronic mail:
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function whose parameters were directly calculated from CMDS results. The latter also showed that there is a partial correlation between velocity-and state-changing collisions. The model taking into account this partial correlation, the collision-induced velocity changes via the Keilson-Storer kernel and the speed-dependent line-broadening and -shifting, led to very good agreement with measured spectra of four lines in the near-infrared for various pressures. 5 The Keilson-Storer function was also used for the H 2 O/N 2 system 9 but, in the absence of CMDS results, the KS parameters were adjusted from measured spectra in the ν 3 band. A bi-parametric model was adopted with two distinct parameters, respectively describing the collision-induced velocity-orientation and speed changes. The correlation between velocity-and state-changing collisions was neglected.
In the present work, the line-shape of H 2 O in N 2 (and in air) is revisited with CMDS. The latter have been performed for different mixtures of H 2 O in N 2 , using three pair-wise potential energy surfaces for H 2 is proposed that takes into account the velocity changes effects, the speed-dependences of the broadening and shifting coefficient, and the partial correlation between velocity-and state-changing collisions. The velocity changes are modeled by the KS kernel whose parameters have been directly deduced from CMDS. The speed-dependent broadening and shifting coefficient are calculated by the CRB semi-classical approach. [10] [11] [12] [13] The model has been then compared with measured spectra of 5 lines in the ν 3 band of H 2 O in N 2 and 3 lines in the 2ν 1 + ν 2 + ν 3 band of H 2 O in air for large ranges of pressure. For each transition, two adjustable parameters (one for the scaling of the speed-dependent line-broadening and another for the correlation) are used. Comparisons between measured spectra and calculations show very good agreement for all considered lines and pressures. The evolution of the line-shape from the Doppler to the collisional regimes is also derived and discussed.
This paper is organized as follows: Classical molecular dynamics simulations are presented in Sec. II while the used line-shape model is given in Sec. III. Section IV is devoted to the data used and the computational procedure. The obtained results are presented and discussed in Sec. V, and concluding remarks are presented in Sec. VI.
II. CLASSICAL MOLECULAR DYNAMICS SIMULATIONS
Classical molecular dynamics simulations have been performed at 296 K for three mixtures of H 2 O in N 2 , with 50%, 20%, and 5% of H 2 O. For H 2 O-H 2 O and N 2 -N 2 interactions, the site-site potential energy surfaces of Refs. 14 and 15, respectively, have been used. For H 2 O-N 2 interaction, the potential used contains two terms. The first is a Coulombic contribution with the charges and geometry of each monomer given by Refs. 14 and 15. The second term is a 12-6 LennardJones form whose atom-atom parameters are given by Ref. 16 .
For each mixture, a total number of 1 × 10 7 molecules has been considered. They were treated in parallel in 250 cubic boxes with periodic conditions, each containing 40 000 molecules. The size of each box is deduced through the perfect gas law from the number of molecules, temperature, and pressure. The molecules have been initialized in the boxes as follows: For each molecule, the center-of-mass position has been randomly chosen with the constraint that molecules should be separated from each other by distances of at least 9 Å. This ensures that no unphysical situation involving pairs of very interacting molecules is generated. This condition thus imposes the use of a temporization time in the calculations of about 10 ps. Translational and angular speeds verifying the Maxwell-Boltzman distribution have been chosen. Random center-of-mass velocity orientations were attributed and quaternion coordinates 6 were used to represent the angular Figure 1 shows the auto-correlation function of the center-of-mass velocity [φ v Table I . The results in Figs. 1 and 2 and the good agreements between the calculated diffusion coefficients and values from others sources demonstrate the accuracy of the present CMDS calculations.
The auto-correlation function of the translational speed squared and its time constant [i.e., φ v 2 
208.77 ps at 296 K and 1 amagat. The fact that this value is very close to that of τ v demonstrates that, for H 2 O in N 2 , the velocity orientation and the speed changes due to collisions are statistically nearly completely correlated. This result is in opposition with the assumption made in Ref. 9 where these changes were considered as completely uncorrelated.
CMDS were also used to determine any correlation between velocity-and rotational state-changing collisions as was done in Ref. 5 for pure H 2 O. For this, the mixture H 2 O-N 2 with 5% of H 2 O has been considered. Examples of the obtained results are given in Fig. 3 where quantities related to the velocity and state changes are plotted. Recall that one considers the number of molecules that have the translational and angular speed v and ω at the initial time. One then follows the time evolution of three normalized (to the previously mentioned initial number of molecules) populations among these molecules: (i) the population that has v unchanged with time regardless of ω; (ii) the population that has ω unchanged with time regardless of v; and (iii) the population that has both v and ω unchanged with time. The time evolution of these three quantities then reflects how collisions change the translational speed, the angular speed, and both the translation and angular speeds. If translational and angular speeds changing collisions are completely correlated, the first two populations should decrease within the same time scale. If they are completely uncorrelated, the product of the first and the second populations must be equal to the third one. Finally, if there is a partial correlation, the product of the first two numbers decreases more quickly than the third. 
FIG. 3. Normalized population [divided by the total initial number of molecules
i N M (v i , ω k , 0)] directly obtained from CMDS: in black is i N M (v i , ω k , t), in red i N M (ω k , t),
III. THE PARTIALLY CORRELATED SPEED-DEPENDENT KEILSON-STORER MODEL
Starting from information given by CMDS (i.e., complete correlation between velocity orientation-and speed-changing collisions; partial correlation between velocity-and rotational state-changing collisions), the pCSDKS model (for partially correlated speed-dependent Keilson-Storer model) is chosen to describe the line profile. Note that this model led to an accurate description of the line-shapes of the pure H 2 O system where similar features were observed. 5 The line-shape at an angular frequency ω is given by 
whereν V C (v) is the speed-dependent velocity-changing collision frequency, given bỹ
(v) and (v) represent the speed-dependent collisional width and shift of the optical transition. η is the correlation parameter and ν VC is the frequency of velocity-changing collisions assuming no correlation between velocity-and state-changing collisions. The term (i k. v) in Eq. (2) represents the dephasing due to the Doppler effect, with k the wave vector. The probability of a velocity change from v to v, f KS v ← v , is modeled here by the Keilson-Storer function:
where f MB ( ) is the Maxwell-Boltzmann distribution, and α (0 ≤ α ≤ 1) is a parameter characterizing the correlation between the velocity before and after collision, also called the memory parameter. 19, 20 The initial condition of d( v, t) is given by the Maxwell-Bolzmann distribution:
withṽ = √ 2k B T /m being the most probable speed and m the radiator mass.
IV. DATA USED AND COMPUTATIONAL PROCEDURE
Spectra of 5 transitions in the ν 3 band of H 2 O highly diluted in N 2 and of 3 2ν 1 +ν 2 +ν 3 band lines of H 2 O in air measured at room temperature in broad pressure ranges (0.1-1.2 atm) have been used to test the proposed model. The first set of experimental spectra, measured using a tunable infrared laser frequency difference spectrometer, is the same as that was used in Ref. 9 . The near-infrared lines are from Ref. 21 and were measured with a tunable diode-laser system. The detailed description of these experiments can be found in the above-cited references. These two sets of spectra being measured in two different spectral regions (near 3900 and 12 200 cm −1 ) in the same pressure ranges thus allow a test of the influence of the Doppler and then Dicke narrowing effects on the line-shape.
From Eqs. (1)- (5), the line profile can be calculated with the numerical method described in Ref. 7 where the velocity v is discretized onto different grids of speed and orientation. The speed-dependences of the broadening and shifting coefficients for all considered lines have been computed using the semi-classical CRB method. [10] [11] [12] [13] As done in Refs. 3 and 5, the value of ν VC and α [Eqs. (3) and (4) In addition to η, a factor (A) scaling the speed-dependent line-broadening coefficient has also been used. The use of this parameter is justified by the observed difference between the semi-classically calculated and measured broadening coefficients. 12, 13 For the speed-dependent line-shifting, because of its small influence on the line-shape and of the experimental noise, no scaling has been applied. η and A have been determined by comparison between calculated and measured spectra. In Fig. 4 , one shows an example of the influence of η on the shape of the ν 3 6 0 6 ← 5 0 5 line, the value of A being fixed to 1. For that, spectra of this line were simulated using the pCSDKS model with different values of η for a large range of pressure. We then fitted these spectra with the Voigt profile. The obtained Lorentz width and the peak absorption normalized "W shape" amplitude in the fit residual are plotted in Fig. 4 , as functions of / D , with D the Doppler width. As can be observed, at low value of / D , both and W strongly vary with η and become almost η-independent at high / D . Therefore, if spectra measured from high to low value of / D (i.e., sufficiently low to sufficiently high total pressures) are available, one can separately determine A and η by using high / D spectra for A and then low / D value spectra for the determination of η. This was done here for most of the considered ν 3 band lines. Finally, η has been assumed independent of the considered band and thus values of η for the 2ν 1 +ν 2 +ν 2 band lines (with a smaller available / D range) are those for the corresponding ν 3 lines. In Table II are reported the obtained parameters η and A for each considered line. η varies from 0.27 to 0.7. For comparison, values of η determined by CMDS at the corresponding rotational energy E rot are also reported. One can observe that they both increase with the rotational energy. This is consistent with the fact that the line-width of H 2 O perturbed by N 2 strongly decreases with J (and thus with E rot for these lines of Ka = 0,1): at high value of J, is comparable to ν VC while at low J it is several times larger. At high values of E rot , the classical treatment being more accurate, a good agreement between η experimentally determined and those calculated by CMDS is obtained. However, at very large value of E rot , due to Boltzmann statistics and the limited number of molecules considered in CMDS, η cannot be calculated.
V. RESULTS AND DISCUSSIONS
All the parameters needed for calculations being known and fixed, comparisons between experiments and calculations can now be made for different pressures. Note that for H 2 O in air, the parameters: η, ν VC and α were assumed to be the same as for H 2 O in N 2 . As done in Ref. 5 , the experiment/ model comparisons were made by considering the results of the fits of both measured and calculated spectra by Voigt profiles. Figure 5 presents examples of the obtained results where good agreements are obtained. Note that the large observed asymmetry in the residuals of the ν 3 11 1 11 ← 10 1 10 and 11 0 11 ← 10 0 10 doublet (Fig. 5, left) is due to the difference of the position of two lines in the doublet, and not to the speed-dependence of the line-shift. Results obtained for all considered lines are shown in Fig. 6 where the amplitude of the W signature in the fit residual (Fig. 5 ) and the fitted Lorentz width are plotted versus pressure. Very good agreement between measured and calculated values is obtained for both W and . As can be observed in Fig. 6 , the magnitude of non-Voigt effects for the 5 considered lines in the ν 3 band region strongly varies with the line and is very large for line of high quantum number J (up to 9%). Note that for all measured ν 3 band lines spectra, the partial pressure of H 2 O being very small (less than 1%), self-broadening is thus negligible. However, for the measured 2ν 1 + ν 2 + ν 3 band lines, the H 2 O mole fraction in the mixtures is not negligible and decreases with the total pressure. 21 This explains the observed decrease of /P with pressure (Fig. 6, right) . In this case, the pCSDKS model for pure H 2 O, as described in Ref. 5 , has been used to evaluate the contribution of H 2 O-H 2 O collisions to the spectra.
The good agreement between model and experiment for large ranges of pressure and various lines of two different spectral regions have demonstrated the quality and consistency of the present pCSDKS model. Starting from this model, the evolution of the line-shape from the Doppler to the collisional regime can be derived. For that, spectra of all considered lines have been simulated using the pCSDKS model for much larger ranges of pressure. H 2 O highly diluted in N 2 has been considered. For the three considered doublets in the ν 3 band (Fig. 6, left) , only one of the two lines (the one with higher intensity) in the doublet has been simulated. These spectra have been then fitted with a Voigt profile. The obtained results are presented in Fig. 7 where and W, and also the fitted line-intensity are plotted as functions of / D . As can be observed, although the non-Voigt effects vary from line to line, all show similar evolutions with / D : The magnitude of W increases with / D and reaches a maximum value and then decreases and becomes constant at high values of / D . The obtained intensity also has a similar behavior: its relative difference with the "true" value firstly increases with / D and then decreases and becomes constant in the collisional regime. Note that the obtained intensity is always smaller than the "true" value. Depending on the considered line, this bias on the fitted intensity due to the use of the Voigt profile can be large, up to 5%. For /P, it increases with / D at low values of / D and then becomes constant at high values of / D , in the collisional regime. As can be observed in Fig. 7 and expected from the model, the shapes of lines of same rotational quantum numbers of different bands show similar behaviors versus / D (green and red lines in Fig. 7) .
VI. CONCLUSIONS
The shapes of N 2 (and air) broadened H 2 O lines have been revisited with classical molecular dynamics simulations. The latter, carried out for a large number of molecules have shown that the velocity-orientation and -modulus changing collisions are fully correlated while velocity-and rotational state-changing collisions are partially correlated. Starting from these results, the partially correlated speed-dependent Keilson-Storer model has been used to describe the lineshape. The velocity changes have been modeled using the Keilson-Storer function with a unique memory parameter characterizing both the velocity-orientation and -modulus changes. This parameter and the velocity-changing collisions frequency have been directly deduced from CMDS. The speed-dependences of the spectroscopic collisional parameters have been independently determined from the CRB approach. With only two adjusted parameters, the correlation between velocity-and state-changing collisions and a scaling factor applied to the speed-dependent line-broadening, the model predictions are in very satisfactory agreements with measured spectra of several lines in two different regions and for large ranges of pressure.
The results obtained here for H 2 O in N 2 (and air) and for pure H 2 O in Ref. 5 will allow us to analyze in detail the influence of different mechanisms contributing to the line-shapes of H 2 O. The aim of this exercise is to build up a simplified approach suitable for practical applications such as atmospheric spectra predictions. This is under study in our group and will be presented in a forthcoming paper.
